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http://dx.doi.org/10.1016/j.pedneo.2
1875-9572/Copyright ª 2014, TaiwanBackground: Human and animal studies have demonstrated that neonatal hyperoxia increases
oxidative stress and adversely affects glomerular and tubular maturity. This study was under-
taken to determine how exposure to neonatal hyperoxia affected kidney morphology and
fibrosis and to elucidate the relationship between connective tissue growth factor (CTGF)
and collagen expression in rat kidneys.
Methods: SpragueeDawley rat pups were exposed to either hyperoxia or ambient air. The con-
trol groups were maintained in ambient air for 1 week and 3 weeks. The hyperoxia groups were
exposed to >95% O2 for 1 week and subsequently placed in an environment of 60% O2 for an
additional 2 weeks. The animals were euthanized on Postnatal Day 7 or 21 and the kidneys un-
derwent histological analyses and oxidative stress and total collagen measurements.
Results: The rats reared in O2-enriched air exhibited significantly higher tubular injury scores
(1.4  0.5 vs. 0.7  0.7 on Day 7; 1.4  0.5 vs. 0.6  0.5 on Day 21), a larger proportion of the
cortex occupied by glomeruli (25.5  4.1 vs. 21.3  3.1% on Day 7; 20.1  3.5 vs. 17.1  1.7%
on Day 21), larger glomerular sizes (84.7  5.8 vs. 77.5  6.1 mm on Day 7; 88.4  2.9 vs.
84.9  3.1 mm on Day 21), and higher total collagen content (54.1  27.5 vs. 18.3  6.3 mg/mg
protein on Day 7; 397.4  32.8 vs. 289.5  80.0 mg/mg protein on Day 21) than did rats reared
in ambient air. Immunohistochemical expressions of oxidative stress marker 8-hydroxy-20-t of Pediatrics, School of Medicine, College of Medicine, Taipei Medical University, 252 Wu-Hsing
tw (C.-M. Chen).
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236 J.-S. Jiang et aldeoxyguanosine and CTGF immunoreactivities were significantly higher in the rats reared in O2-
enriched air compared with the rats reared in ambient air on Postnatal Days 7 and 21.
Conclusion: Neonatal hyperoxia exposure contributes to kidney fibrosis, which is probably
caused by activated CTGF expression.
Copyright ª 2014, Taiwan Pediatric Association. Published by Elsevier Taiwan LLC. All rights
reserved.1. Introduction
Oxygen therapy is often used to treat newborns that pre-
sent respiratory disorders; however, administering supple-
mental oxygen yields toxic effects on the glomerulus and
proximal tubules of the kidney, causing renal damage.
Human and animal studies have demonstrated that
neonatal hyperoxia increases oxidative stress and adversely
affects glomerular and tubular maturity. This is manifested
by enlarged renal corpuscles, renal tubular necrosis, and
interstitial inflammation during the perinatal period.1e4
These detrimental effects may extend into adulthood,
presenting as hypertension.4,5 Furthermore, rabbit kidneys
respond to environmental hyperoxia by exhibiting
augmented tissue oxygenation.6 Various studies have sug-
gested that neonatal hyperoxia exposure increases oxida-
tive stress in the kidneys, inducing kidney injury. However,
the effects and exact mechanisms of hyperoxia exposure on
kidney injury and fibrosis remain unknown.
Connective tissue growth factor (CTGF) is part of the
CTGF-Cyr61/Cef10-Nov family, playing a crucial role in kid-
ney pathogenesis, and enabling functions including migra-
tion, hypertrophy, and fibronectin production in mesangial
cells; the epithelialemesenchymal transition and fibro-
nectin production of tubular epithelial cells; and collagen
production by renal interstitial fibroblasts.7e12 CTGF was
originally identified in conditioned media from human um-
bilical vein endothelial cells and was implicated in fibroblast
proliferation, cellular adhesion, and angiogenesis.
It is now recognized that short exposure to high-oxygen
concentrations causes increases in oxidative stress in preterm
infants.2 Elmarakby and Sullivan13 postulated that increased
oxidative stress during diabetes stimulated CTGF fibrotic
signaling in the kidneys. Increased CTGF expression also
occurred in ureteral obstruction-induced kidney fibrosis.14,15
Few studies have explored how neonatal hyperoxia affects
kidney morphology and fibrosis and CTGF expression. We hy-
pothesized that neonatal hyperoxia exposure induced struc-
tural kidney changes and fibrosis, accompanied by increased
CTGF expression in rats. This study explored how neonatal
hyperoxia exposure affected kidney morphology and fibrosis,
examining the relationship between CTGF and collagen
expression in hyperoxia-exposed rat kidneys.2. Materials and methods
2.1. Animals and hyperoxia exposure
This study was performed in accordance with the guide-
lines provided and approved by the Animal Care UseCommittee of Taipei Medical University. Time-dated preg-
nant SpragueeDawley rats were housed in individual cages.
Within 12 hours of their birth, the rat litters were pooled,
randomly redistributed to the newly delivered mothers,
and subsequently exposed to either hyperoxia or ambient
air. The nursing mothers were rotated between the
experimental and control litters every 24 hours to avoid
oxygen toxicity. The control groups were maintained in
normoxia for 1 week and 3 weeks. The hyperoxia groups
were exposed to >95% O2 for 1 week and subsequently
placed in an environment of 60% O2 for an additional 2
weeks (NexBiOxy, Hsinchu, Taiwan). The animals were
euthanized using intraperitoneal injections of pentobar-
bital (100 mg/kg) on Postnatal Day 7 or 21, and their body
and kidney weights were recorded. One kidney per animal
underwent histological analysis, and the second kidney
underwent oxidative stress and total collagen
measurements.
2.2. Histological examination
The kidney was placed in 4% paraformaldehyde, washed in
phosphate-buffered saline, and serially dehydrated in
increasing concentrations of ethanol prior to being
embedded in paraffin. Five-micrometer tissue sections
were stained with hematoxylin, eosin, and Masson’s tri-
chrome; examined using light microscopy; and subse-
quently assessed for kidney morphology and fibrosis. The
histological analysis of the kidney was modified according
to the suggestions of Toledo-Rodriguez et al.16 The fraction
of the cortex occupied by glomeruli was calculated as the
ratio of the grid points that touched the cortex to the grid
points that touched glomeruli. The sizes of the individual
glomeruli located in the middle cortex and juxtamedullary
zone were calculated as the average of the largest and
smallest glomerular diameters within a field of view; the
calculations involved 10  5 glomeruli per kidney. Kurus‚
et al17 defined tubular injury as tubular dilation, tubular
atrophy, vacuolization, the degeneration and sloughing of
tubular epithelial cells, or thickening of the tubular base-
ment membrane. Only cortical tubules were used in the
scoring system, where 0 Z no tubular injury; 1 Z <10% of
tubules injured; 2 Z 10e25% of tubules injured;
3 Z 26e50% of tubules injured; 4 Z 51e75% of tubules
injured; and 5 Z >75% of tubules injured.
2.3. Immunohistochemistry for 8-hydroxy-20-
deoxyguanosine and CTGF
Immunohistochemical staining was performed on 7-mm
paraffin sections by using immunoperoxidase visualization.
Neonatal hyperoxia exposure and kidney fibrosis 237After routine deparaffinization, heat-induced epitope
retrieval was conducted by immersing the slides in 0.01 M
sodium citrate buffer (pH 6.0). To block endogenous
peroxidase activity and the nonspecific binding of anti-
bodies, the sections were preincubated for 1 hour at room
temperature in 0.1 M phosphate-buffered saline containing
10% normal goat serum and 0.3% H2O2. The sections were
then incubated for 20 hours at 4C with a goat polyclonal
anti-CTGF antibody (1:50 dilution; Santa Cruz Biotech-
nology Inc., Santa Cruz, CA, USA) or anti-8-hydroxy-20-
deoxyguanosine (8-OHdG) antibody (1:200 dilution; Abcam
Inc., Cambridge, MA, USA). The sections were then treated
for 1 hour at room temperature with biotinylated rabbit
antigoat immunoglobulin G (IgG) (1:200 dilution; Jackson
ImmunoResearch Laboratories Inc., West Grove, PA, USA)
for anti-CTGF antibodies or with biotinylated rabbit anti-
mouse IgG (1:200 dilution; Jackson ImmunoResearch Labo-
ratories Inc.) for anti-8-OHdG antibodies. After a reaction
was produced using reagents from an ABC kit (AvidineBiotin
Complex; Vector Laboratories, Burlingame, CA, USA), the
reaction products were visualized using a diaminobenzidine
substrate kit (Vector Laboratories) according to the manu-
facturer’s recommendations. Positive 8-OHdG glomerular
cell nuclei were scored in groups of 20 glomeruli that
exhibited diameters of 70e90 mm. A semiquantitative
analysis was conducted by measuring the CTGF optical
density values for each slice using Image-Pro Plus version
6.0 for Windows (Media Cybernetics, Bethesda, MD, USA)
and a 200 magnification objective lens.18,19
2.4. Total collagen measurement
The amount of collagen was determined by assaying all
soluble collagen using a Sircol collagen assay kit (Biocolor
Ltd., Newton Abbey, UK) according to the manufacturer’s
instructions. The kidney tissue was homogenized in 5 mL of
0.5 mol/L acetic acid containing 1 mg pepsin (Sigma
Chemical, St. Louis, MO, USA) per 10 mg of tissue residue.
Each sample was incubated for 24 hours at 4C and
constantly stirred. After centrifugation, 100 mL of each
supernatant was assayed. One milliliter of Sircol dye re-
agent, which binds to collagen, was then added to each
sample and mixed for 30 minutes. After centrifugation, the
pellet was suspended in 1 mL of the alkali reagent (0.5 mol/
L NaOH) that was included in the kit, and the optical den-
sity was evaluated at 540 nm using a spectrophotometer.
The values yielded by the test samples were compared with
the values obtained using the collagen standard solutions
provided by the manufacturer and used to construct a
standard curve.Table 1 Body weights, kidney weights, and kidney/body weigh
Neonatal treatment Age (d) n Body weight (g
Room air 7 13 14.19  2.96
Hyperoxia 7 11 10.38  0.70**
Room air 21 12 43.00  4.65
Hyperoxia 21 9 35.10  5.55**
Values represent mean  standard deviation.
*p < 0.05, **p < 0.01, ***p < 0.001, compared with the room air grou2.5. Statistical analysis
The data are presented as mean  standard deviation. A
Student t test was used to compare the ambient air and
hyperoxia groups. The differences were considered signifi-
cant at a level of p < 0.05.
3. Results
Five mothers birthed 51 pups, and 25 and 26 pups were
randomly distributed to the ambient air and hyperoxia
groups, respectively. Six rats exposed to hyperoxia died.
3.1. Body and kidney weight and kidney/body
weight ratio
Table 1 shows how hyperoxia affected body weight, kidney
weight, and the kidney/body weight ratio on Postnatal Days
7 and 21. Hyperoxia-exposed rats exhibited significantly
lower body and kidney weights than did ambient-air-
exposed rats on Postnatal Days 7 and 21. The kidney/body
weight ratios of the hyperoxia-exposed rats were signifi-
cantly higher than were those of the ambient-air-exposed
rats on Postnatal Day 7. However, on Postnatal Day 21,
although the hyperoxia-exposed rats exhibited significantly
lower body and kidney weights compared with the ambient-
air-exposed rats, the kidney/body weight ratio differences
between these two groups were nonsignificant.
3.2. Histology results
Figure 1A shows representative kidney sections stained with
hematoxylin and eosin from the ambient-air-exposed and
hyperoxia-exposed rats on Postnatal Days 7 and 21. Tubular
atrophy, dilatation of the tubular lumen, vacuolar degen-
eration of the tubular epithelia, and increased space be-
tween the renal tubules were observed in the hyperoxia-
exposed groups. The rats reared in ambient air exhibited
no tubular injuries. The rats reared in O2-enriched air
exhibited higher tubular injury scores, a larger proportion
of the cortex occupied by glomeruli, and larger glomeruli
than did rats reared in ambient air on Postnatal Days 7 and
21 (Figure 1B, C and D).
3.3. Effect of hyperoxia on renal oxidative stress
Immunohistochemistry was used to detect the oxidative
stress marker 8-OHdG, which was positive stained at the
glomerular and tubular cell nuclei. 8-OHdG-positive nucleit ratios of rats reared in ambient or O2-enriched air.
) Kidney weight (g) Kidney/body weight ratio (%)
0.20  0.04 1.39  0.11
0.17  0.01* 1.60  0.08***
0.54  0.05 1.27  0.07
0.47  0.07* 1.33  0.12
p at each time point.
Figure 1 Representative photomicrographs of (A) a kidney; (B) a tubular injury score; (C) the proportion of cortex occupied by
glomeruli; and (D) the glomerular size in ambient-air- or hyperoxia-exposed rats on Postnatal Days 7 and 21. Tubular atrophy
(arrow), dilatation of the tubular lumen, vacuolar degeneration of the tubular epithelia, and increased space between the renal
tubules occurred in the hyperoxia-exposed rats. Rats reared in O2-enriched air exhibited higher tubular injury scores, a larger
proportion of the cortex occupied by glomeruli, and larger glomeruli than did rats reared in ambient air on Postnatal Days 7 and 21.
Data are shown as mean  standard deviation. *p < 0.05, **p < 0.01, compared with the room air group.
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cells (Figure 2A). The hyperoxia-exposed rats exhibited
significantly more 8-OHdG-positive cells than did the
ambient-air-exposed rats on Postnatal Days 7 and 21
(Figure 2B).3.4. Total collagen content
The total collagen content in the kidney tissue increased as
the rats aged (Figure 3A). The rats reared in O2-enriched air
exhibited significantly more collagen than did the rats
reared in ambient air on Postnatal Days 7 and 21. Masson’s
trichrome staining verified the presence of kidney fibrosis in
hyperoxia-exposed groups on Postnatal Days 7 and 21
(Figure 3B). The rats reared in O2-enriched air exhibited
increased collagen deposition in the glomerular mesangial
matrix and tubular interstitium of the kidneys.3.5. Immunohistochemistry for CTGF
CTGF immunoreactivity was primarily detected in the
glomerular mesangium and in some tubular cells in the
hyperoxia-exposed rats (Figure 4A). The CTGF immunore-
activities were significantly increased in the hyperoxia-
exposed rats on Postnatal Days 7 and 21 compared with
the rats reared in ambient air (Figure 4B).4. Discussion
Our in vivo model showed that neonatal hyperoxia induced
tubular injuries and increased the total collagen content
in rat kidneys during the 1st postnatal week, as confirmed
by histology and Masson’s trichrome staining of kidney
tissues. Prolonged exposure to oxygen increased the total
collagen content and caused kidney fibrosis in the 3rd
postnatal week. The major findings of this study are that
neonatal hyperoxia exposure increased total collagen
content and caused kidney fibrosis in newborn rats. These
hyperoxia effects on collagen were associated with
increased immunohistochemical expression of the CTGF
protein, suggesting that CTGF is involved in the patho-
genesis of kidney fibrosis induced by hyperoxia during the
postnatal period.
In this study, we found that neonatal hyperoxia exposure
significantly decreased body weight and kidney weight on
Postnatal Days 7 and 21. These results suggest that
neonatal hyperoxia exposure during the immediate post-
natal period might retard kidney growth. The rats reared in
O2-enriched air exhibited proportionally greater body
weight loss than kidney weight loss, yielding an increased
kidney/body weight ratio on Postnatal Days 7 and 21, and
the kidney/body weight ratio of hyperoxia-exposed rats
reached statistical significance on Postnatal Day 7.
Oxidative stress leads to lipid peroxidation and induces
DNA oxidative damage by generating 8-OHdG.20 8-OHdG is a
Figure 2 (A) Immunohistochemistry of 8-hydroxy-20-deoxy-
guanosine (8-OHdG) in kidney sections; and (B) quantitative
analysis of 8-OHdG-positive cells on Postnatal Days 7 and 21.
Positive staining is shown in brown. Glomerular and tubular
cells showed strong nuclear staining for 8-OHdG (arrow). The
hyperoxia-exposed group exhibited more 8-OHdG-positive cells
than did the ambient-air-exposed group on Postnatal Days 7
and 21. Data are shown as means  standard deviation.
***p < 0.001, compared with the room air group.
Figure 3 (A) Total collagen content; and (B) Masson’s tri-
chrome staining of kidney tissue on Postnatal Days 7 and 21.
Rats reared in O2-enriched air exhibited widespread collagen
deposition in their glomeruli and interstitium and had signifi-
cantly more collagen than did rats reared in ambient air on
Postnatal Days 7 and 21. Data are shown as means  standard
deviation. *p < 0.05 compared with the room air group.
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species as a marker of oxidative DNA damage.21,22 Immu-
nohistochemistry was used to detect the renal oxidative
stress marker 8-OHdG. We determined that hyperoxia
significantly increased the number of 8-OHdG-positive cells
among rats reared in O2-enriched air compared with rats
reared in ambient air. These results are consistent with
those of Cheng,6 indicating that hyperoxia-induced oxida-
tive stress was one of the causes of kidney injury in this
study.
After embryogenesis, the mammalian kidney develops in
three successive phases: the pronephros, mesonephros, and
metanephros phases. Nephrogenesis is complete by the 36th
week of gestation in humans, but it continues until
approximately Postnatal Day 10 in rats.23 In this study,
newborn rats were exposed to hyperoxia during the im-
mediate postnatal period. We found that rats reared in O2-
enriched air exhibited larger glomeruli and a higher grade
of tubular injuries than did rats reared in ambient air.
Extrapolating data from the rodent model to humans must
be done with caution; however, certain clinical implications
are yielded by the current findings. Premature low birth
weight carried a high risk of developing chronic kidney
disease later in life compared to normal birth weight in-
fants.24 Acute kidney injury is common in neonatalintensive care units and is a critical risk factor for the
development and progression of chronic kidney dis-
ease.25,26 These results suggest that neonatal kidneys are
sensitive to oxygen and that hyperoxia may exacerbate
acute kidney-injury-induced tubulointerstitial injury and
progression to chronic kidney disease in neonatal intensive
care unit survivors. Continued efforts should be undertaken
to adjust oxygen concentrations appropriately during the
postnatal period.
In this study, we located tubular injuries in hyperoxia-
exposed rats. Tubular injuries were consistent but kidney
fibrosis was unlike that reported by Torbati et al,1 who
exposed 1-day-old rats to 2e4 days of hyperoxia and found
that rat pups exhibited renal tubular necrosis, dilation,
regeneration, and interstitial inflammation. Torbati et al1
did not find any significant effects of hyperoxia on the
kidney fibrosis. Fibrosis is a sequence of wound healing in
response to injury to maintain the original tissue architec-
ture. These discrepancies may be attributable to differ-
ences in the duration of hyperoxia exposure.
Fibrosis is a common response to various kidney injuries
and is characterized by the excessive accumulation of
extracellular matrices that replace the normally func-
tioning parenchyma.27 Kidney fibrosis is a complex disorder
and its underlying molecular mechanisms remain largely
unknown. The current theory suggests that aberrant wound
healing of the kidney tissue following continual injury is the
Figure 4 (A) Immunohistochemistry of connective tissue
growth factor (CTGF) in kidney sections and (B) quantitative
analysis of CTGF immunoreactivity in ambient-air- or
hyperoxia-exposed rats on Postnatal Days 7 and 21. Positive
staining is shown in brown. CTGF immunoreactivity increased
among the hyperoxia-exposed rats on Postnatal Days 7 and 21.
The hyperoxia-exposed rats exhibited significantly higher CTGF
immunoreactivities on Postnatal Days 7 and 21 than did rats
reared in ambient air. *p < 0.05, **p < 0.01, compared with the
room air group.
240 J.-S. Jiang et almain cause of the fibrotic response. CTGF is a fibroblast
mitogen and promoter of collagen deposition that acts
downstream of transforming growth factor b1, particularly
regarding its profibrotic effects.28 Oxidative stress has been
reported to stimulate CTGF fibrotic signaling during dia-
betes nephropathy.13 The exact relationship between
oxidative stress and CTGF remains unknown. We postulate
that increased oxidative stress during hyperoxia exposure is
the trigger for stimulation of CTGF fibrotic signaling. These
results suggest that CTGF regulates neonatal hyperoxia-
induced kidney fibrosis.
In conclusion, we showed that neonatal hyperoxia
exposure increased tubular injuries and total collagen
content in rat kidneys during the first 3 postnatal weeks.
The development of postnatal hyperoxia-induced kidney
fibrosis is associated with increases in CTGF expression in
kidney tissue. These results suggest that CTGF may be
involved in the pathogenesis of kidney fibrosis induced by
hyperoxia. Further investigation of the role of CTGF may
provide insight into preventive strategies for hyperoxia-
induced kidney fibrosis.Conflicts of interest
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